The objective of this study was to evaluate the efficacy of immunohistochemical (IHC) staining for diagnosis of persistent bovine viral diarrhea virus (BVDV) infection using formalin-fixed, paraffin-embedded skin biopsy specimens. Skin from 41 of 42 calves shown to be persistently infected (PI) with BVDV by repeated virus isolation more than 3 weeks apart were immunohistochemically positive for BVDV antigen. Positive IHC staining was most pronounced in the keratinocytes and in hair follicle epithelium, hair matrix cells of the hair bulb, and the dermal papilla. All of the skin sections from 10 calves experimentally infected postnatally with BVDV (10 5 median tissue culture infective doses [TCID 50 ]) and biopsied on days 0, 5, 7, and 9 postinfection were negative for viral antigen. Ten calves from a second group experimentally infected with a higher dose of BVDV (10 8 TCID 50 ) were biopsied when viremic between 10 and 14 days postinfection and 4 calves exhibited positive IHC staining for BVDV; however, staining in these skin biopsies was confined to small foci in the nonfollicular epidermis and follicular ostia. This staining was distinct from that observed in skin obtained from PI cattle. Skin biopsy represents an effective method for identifying animals PI with BVDV.
cation of BVDV in the skin. Several studies, some of them exhaustive, have documented tissue distribution of BVDV 3, 17, 20, 24 based on positive immunohistochemical (IHC) staining, but very few studies have investigated virus distribution in skin. Previous reports of BVDV in skin include lesional skin from calves with mucosal disease, 2 skin from fetuses infected with BVDV, 13, 21 and calves experimentally infected with a strain of BVDV known to cause acute, severe disease. 9 Only 1 previous group has recommended skin biopsies for antemortem BVDV diagnosis. 22, 23 However, conclusions were based on snap-frozen tissues rather than the more convenient formalin-fixed tissues.
Cattle PI with BVDV are widely accepted to represent the most important source of virus in a herd. Persistently infected cattle have large amounts of virus in a variety of tissues and can readily be identified by virus isolation, antigen-capture enzyme-linked immunosorbent assay, immunohistochemistry, or polymerase chain reaction (PCR). 8 Most commonly, virus isolation and PCR diagnostic techniques are used to identify BVDV in serum of live cattle. Several days are required for results when virus isolation is used and 2 positive test results separated by 2-3 weeks are routinely required to confirm persistent infection with BVDV. Polymerase chain reaction techniques are highly sensitive in detection of BVDV and have been shown to differentiate between BVDV genotypes 25 but currently published data are unavailable that prove PCR can differentiate between acutely infected and PI cattle.
Immunohistochemical detection of BVDV in for- malin-fixed, paraffin-embedded tissues has been standardized using the monoclonal antibody 15C5 a and shown to be reliable for identifying BVDV in aborted fetuses and PI cattle. 12 The objective of this study was to evaluate the usefulness of IHC staining of formalinfixed, paraffin-embedded skin biopsy specimens for detecting BVDV in both PI and acutely infected cattle.
Materials and methods
Calves. Forty-two, 4-8-mo-old, mixed-breed, PI calves were used in this study. Calves were considered PI if they were depressed, failed to thrive, and were virus isolationpositive for BVDV on 2 or more occasions separated temporally by at least 3 wk. These cattle came from natural disease outbreaks involving 2 herds including 7 calves from a herd in southeastern Saskatchewan and 35 calves from a Montana herd.
Twenty Holstein and Holstein-cross calves 4-5 mo of age that were negative for BVDV and BVDV antibodies were used for acute infection studies. One group of 10 calves was infected intranasally with 5 ϫ 10 5 median tissue culture infective doses (TCID 50 ) of noncytopathic BVDV isolate 24515 (originally isolated from calf fetal tissue from Ontario, Canada). 9 Sequential skin biopsies as well as blood samples for BVDV isolation were taken on days 0, 5, 7, and 9 postinfection. Ten calves in a second group were inoculated intranasally with 10 8 TCID 50 of the same isolate of BVDV. Blood samples were collected daily from day 0 to day 14. Skin samples were collected either at the time of euthanasia or upon completion of the experiment, which varied from days 10 to 14 postinfection.
Skin was also taken from 45 unthrifty, depressed, or chronically ill calves that were virus isolation-negative for BVDV. These calves served as a reference population to more effectively evaluate the validity of the test and were designated as negative controls.
Skin biopsies note. Nonlesional skin was selected for testing. In 1 group of 7 PI calves, skin was collected from 5 sites including the interdigital space, ear base, caudal tail fold, neck, and back. Similar staining was seen in all sites in positive animals, so for subsequent testing, skin was biopsied from haired skin, typically the neck because of collection ease. Two biopsy techniques were used including 8mm biopsy b punches that collected a single biopsy per site or a brisket punch c that collected 2 10-mm pieces of skin per site. All samples were fixed in 10% buffered formalin solution for a minimum of 24-48 hr and embedded in paraffin within 1 wk.
Virus isolation. Buffy coat cells from heparinized blood samples or serum were inoculated into Madin-Darby bovine kidney cell cultures and incubated at 37 C for 5 days. Cytopathic effect was closely monitored during the incubation period. After 5 days, cell monolayers were stained for BVDV by an indirect immunofluorescent test using a cocktail of monoclonal antibodies including 15C5 and 20-10-6 d with the microtiter virus isolation test. Two virus isolations at least 2 wk apart were performed at the Wyoming State Veterinary Laboratory at Laramie, Wyoming, on 35 of 42 PI calves by the microtiter virus isolation technique and a third isolation was done in the Diagnostic Virology Laboratory at the Western College of Veterinary Medicine several weeks after the initial virus isolation. Additionally, 2 virus isolations were performed 6 wk apart in the Diagnostic Virology Laboratory at the Western College of Veterinary Medicine for the remaining 7 cases from Saskatchewan.
Immunohistochemistry. Paraffin-embedded skin was serially sectioned, mounted on poly-L-lysine-coated slides, and stained for BVDV using monoclonal antibody 15C5 and an automated IHC technique previously described. 5, 11 Diaminobenzidine (DAB) served as chromogen. Positive controls stained concurrently with each batch were tissues from cattle that died from mucosal disease. Serial sections of each block were similarly stained replacing the monoclonal 15C5 with an irrelevant monoclonal antibody. The evaluators of IHCstained sections were blinded to the outcome of virus isolation during examination and grading of the stained skin biopsies.
Positive staining was graded according to location, including area 1 (staining confined to keratinocytes of the epidermis and follicular ostia) and area 2 (staining in keratinocytes in the epidermis, all regions of follicular epithelium, and in the hair bulb and dermal papilla).
To validate the grading system, skin sections from all PI animals and several negative controls were given to a second pathologist (EGC). Results were compared with those of the first observer (BLN).
Statistics. Chi-square tests and the kappa statistic were used to evaluate agreement between tests and between pathologists that evaluated IHC-stained skin with the grading system.
Results
Persistently infected calves. Positive IHC staining for BVDV was dark, brown, and coarsely to finely granular, within the cytoplasm of keratinocytes, sebaceous epithelial cells, mononuclear cells in the dermis, and vascular smooth muscle cells. Forty-one of 42 skin samples from PI animals were positive for BVDV and the staining pattern in all 41 positive skin sections was area 2 (Fig. 1) . This demonstrates 97.6% agreement between virus isolation and IHC staining for BVDV in skin biopsies from PI cattle.
Epidermal cell staining was primarily within the stratum spinosum and stratum basale and occurred along the length of the biopsy. Stratum corneum staining was less prominent and typically occurred in areas of epidermis that were acanthotic and orthokeratotic.
The darkest staining was in the isthmus and infundibulum of hair follicles and was diffuse within positive hair follicles (Fig. 2) . Typically, large numbers of positively staining keratinocytes were seen in skin of PI cattle. In a few biopsies, basal cells of sebaceous glands and apocrine sweat glands, vascular smooth muscle, and dermal mononuclear cells stained for BVDV antigen.
Dark staining of matrix cells and the dermal papilla of hair bulbs was found in the biopsies categorized as area 2 staining. Although these cells are often pigmented and laden with melanin granules, positive staining due to deposition of the DAB chromagen was readily distinguishable as bright brown compared to the dull brown to black tinctorial properties of melanin. Both telogen and anagen hair follicles had positive staining, but the darkest staining was associated with the hair bulbs and infundibula of telogen hair follicles (Fig. 3) . The degree of agreement between blinded observers for categorization of randomly selected skin sections was high with a kappa value of 0.93. The 2 pathologists differed on 2 biopsy specimens from 65 samples examined that included PI and BVDV-negative calves. One pathologist scored these as negative and the other classified these as area 1 staining. When reviewed together, the positive staining was nonspecific staining in the dermis and capillaries.
Experimentally infected calves. No positive IHC staining was observed in the first group of 10 calves acutely infected with the lower dose of BVDV and serially biopsied over a 9-day period. All calves were negative for BVDV by virus isolation of either serum or buffy coat samples at the time of skin collection. Calves from the second group of 10 acutely infected with a higher dose of BVDV were virus isolationpositive at the time of sampling and skin from 4 of these calves was positive for BVDV. The staining was confined to a few small, discrete foci in the stratum spinosum with minimal extension into the follicular ostia ( Fig. 4) . Positive staining was classified as area 1 staining (Fig. 1) . None of the skin sections from these 4 animals had positive-staining cells involving middle to deep portions of hair follicles or hair bulbs. Dermal mononuclear cells and vascular smooth muscle cells had minimal but inconsistent staining in positivestaining skin sections. Negative control animals. No IHC staining was found in skin sections from 45 cattle that were BVDV isolation-negative.
Discussion
The results of this study have shown that IHC staining for BVDV in formalin-fixed, paraffin-embedded skin is an effective method for the diagnosis of PI cattle. Skin specimens from most animals experimentally infected with a virulent isolate of BVDV were IHC negative. In acutely infected calves with positive skin biopsies, the staining was in small, discrete, characteristic foci (Fig. 4) distinguishable from the extensive staining seen in PI animals (Figs. 2, 3) .
Hair follicular epithelium was the most common site for localization of the BVDV in PI calves. Hair follicles that were arrested in telogen phase showed particularly dark staining (Fig. 3) . This is likely due to viral replication in hair matrix cells resulting in telogenization of hair follicles. Skin biopsies from PI animals often have telogenization of hair follicles in addition to single-cell necrosis of epidermal keratinocytes. 2 Hair follicles that were positive for BVDV and in anagen phase may represent initial replication of the virus before the hair follicle entered telogen phase.
The negative result in the 1 calf represents a calf in the group of 7 calves from Saskatchewan confirmed by microtiter virus isolation to be PI with BVDV. Multiple skin sections and blood were collected from each animal and given a unique code in order to blind the individuals examining the stained skin sections. This discordant result possibly represents a labeling discrepancy between the serum sample and the paraffin sections, because 1 animal from Saskatchewan negative for BVDV by virus isolation but positive by IHC staining could not be included because of the case definition of PI calves. However, the 35 PI calves from a group of 57 from Montana had consistent virus isolation results in two labs and 100% agreement was found between virus isolation and IHC staining. Alternatively, the virus persistently infecting this calf possibly was not recognized 7,11 by monoclonal antibody 15C5, which recognizes an epitope on the highly conserved gp48, or virus may not have been present in the skin sites examined.
In the present study, 40% of acutely infected calves given the higher dose of BVDV (experimental group 2) had positive IHC staining in the skin. The staining was discretely focal, involving the epidermis and often extending a short distance into the follicular ostia. These small foci may result from previous infection in the dermal papilla followed by migration of infected cells as the epithelial cells moved to the surface during follicular development. The skin was collected from positive animals more than 10 days postinfection but, unfortunately, skin was not collected at earlier time points from this group of calves. If the infection did begin in the dermal papilla, antigen-positive cells would likely be present deeper in the follicles at earlier time points postinfection but these would be expected to be small, discrete foci of positive cells.
The major differences between the 2 experimental groups are that the group with the antigen-positive skin was given a higher dose of virus and all were sampled between 10 and 14 days postinfection. How these high-dose challenges relate to natural exposure is currently unknown. One previous report documented positive staining in calves acutely infected with the same isolate of BVDV as discrete, epithelial foci similar to the pattern observed in this study. 9 However, the majority of biopsies from acutely infected calves were negative for BVDV antigen. These findings possibly are due to decreased viral load in acutely infected cattle compared to PI, immunotolerant calves. Not all animals succumb to the acute, severe BVD syndrome, presumably because viral replication is halted by the immune response of the animals that survive.
Nearly all PI calves had a consistent pattern of staining for BVDV in skin biopsies, whereas skin from experimentally infected calves exhibited either no or irregular staining. The numbers of positively staining cells were greatest in hair follicular epithelium and especially prominent in hair follicles arrested in telogen phase. Immunohistochemical staining of haired skin is an easy, accurate, less expensive antemortem diagnostic test for detection of PI cattle when compared with virus isolation. Further study is needed to determine the reliability of IHC staining of skin for differentiating between cattle that are PI and those with severe, acute BVDV infection.
